Background. Few studies describe the respiratory syncytial virus (RSV) burden in African populations, and most have utilized hospital-based surveillance. In Mali, no community-based studies exist of the incidence or epidemiology of RSV infection. This study provides the first estimates of RSV incidence in Mali.
Yearly, approximately 34 million respiratory syncytial virus (RSV)-associated acute respiratory infections (ARIs) worldwide in children <5 years of age lead to 3 million hospitalizations for severe RSV [1, 2] . RSV accounts for 22% of all ARIs worldwide, and the majority (96%) of RSV illness occurs in low-resource countries [1] . Incidence of RSV-associated illness is highest among infants <5 months of age, when presence of maternally derived antibodies prevents effective vaccination. However, incidence and mortality likely vary substantially from year to year and between settings.
Despite the putative high burden of ARIs in Africa, there are few publications studying ARIs in African populations. Multiple studies have used passive hospital-based surveillance to estimate incidence of ARI in Africa [3, 4] , finding that ARIs cause approximately 8% of all deaths among South African children <5 years of age [3] . However, few studies have used active community-based surveillance [5] [6] [7] . Hospital-based surveillance greatly underestimates the incidence and risk of RSVassociated ARI; the rate of RSV-associated severe disease may be 4-5 times higher in the community than the rate of RSV hospitalization [6] . Increased understanding of the epidemiology of RSV disease is necessary for designing vaccination strategies in the wake of soon-to-be-available RSV vaccines for preventing early infant morbidity [8] .
In Mali, ARI accounts for 13% of hospital-recorded morbidity [4] and RSV contributes substantially to this disease burden, with 25% of hospitalized pneumonia cases among children under five and up to 44% of hospitalizations for acute lower respiratory infections positive for RSV [2, 9] . Despite high rates of RSV in neonates, most published data are for children <5 years of age. There is an urgent need for precise data on younger ages, particularly infants in the first 6 months of life, and from community-detected cases [7] . Here we report on the epidemiology, incidence, risk factors, and outcomes of RSV-associated ARI from community-based active surveillance in Bamako, Mali.
METHODS

Study Design
This study of RSV epidemiology utilizes a cohort from a clinical trial on the efficacy of maternal influenza vaccination for prevention of influenza in infants [10] . We conducted a randomized trial, whereby pregnant Malian women were allocated to receive either trivalent influenza vaccine or quadrivalent meningococcal conjugate vaccine. Enrolled pregnant women and their newborns were followed until infants reached 6 months of age.
From September 2011 to April 2013, 4193 pregnant women were enrolled and followed with weekly home visits to assess newborn infants for pneumonia and influenza-like illness (ILI) [10] . Pneumonia was classified following World Health Organization criteria [11] . Among infants without pneumonia, the case definition of ILI was met if a fever was reported or observed by a clinician and either (1) fever presented without a source or (2) fever presented in combination with ARI (febrile ARI). ARI was defined as presence of any of runny nose, nasal congestion, cough, difficulty breathing, pus from ears, or wheezing. Details of sampling are shown in the Supplementary Materials.
Infants born from October 2012 to May 2013 were selected for the current analysis based on known RSV circulation in the area (A. Driscoll, personal communication, 2017). Samples from these infants were selected to be tested for RSV as follows: all samples from infants with pneumonia or fever without a source, and 30% of specimens from infants with febrile ARI who were negative for influenza. Among infants born October 2012-May 2013 who experienced any ILI or pneumonia, 37% of infants had samples tested for RSV and other pathogens. The Center for Vaccine Development-Mali Molecular Diagnostics Unit utilized the Fast Track Diagnostics respiratory pathogens 33 reverse-transcription polymerase chain reaction (RT-PCR) kit (FTD33; Junglinster, Luxembourg), and RSV-positive samples were further tested with the RealStar RSV RT-PCR kit (Altona Diagnostics) to differentiate between subtypes A and B.
Predictors of RSV Infections
To examine predictors of RSV illness, a nested case-control study design was used. Cases were infants who experienced pneumonia or febrile ARI and had samples from the episode subsequently test positive for RSV. Cases were matched to 2 sets of controls who were under active surveillance at the time the RSV case occurred: (1) infants with any RSV-negative ILI or pneumonia within 2 weeks of the RSV case (sick controls), and (2) infants without any ILI or pneumonia during RSV season (healthy controls). Sick controls were defined as infants who (1) experienced pneumonia or ILI with an onset of fever within 2 weeks of onset of fever in the case, (2) received an RSV test for that pneumonia or ILI, (3) never tested positive for RSV, and (4) had no previous ILI that went untested for RSV. Up to 2 sick controls were matched to each case. For each RSV case, sick controls were matched first and then healthy controls were matched to cases by birth date as a simple random sample of eligible controls, in chronological order. A given control could not be matched to >1 case. The matches were made in chronological order, according to the date of RSV case fever onset and RSV case age.
Statistical Analysis
RSV Incidence
Baseline covariates were compared among infants with pneumonia or ILI between those included and those excluded (untested for RSV) to check for bias in the selection of infants with pneumonia or ILI into the study population. Categorical covariates were tested using χ 2 tests, and continuous covariates were tested using t tests with Satterthwaite variances.
Incidence of first RSV illness was calculated. Infants included in the denominator for RSV incidence were those with ILI or pneumonia tested for RSV and a simple random sample of infants born from October 2012 to May 2013 without ILI during follow-up. Infants without ILI were selected with 0.37 probability of being included in the denominator, to match the proportion of infants with ILI or pneumonia included in the population. Follow-up time for all infants began at birth. For infants with RSV-positive illness, follow-up time ended at the time of RSV-positive ILI or pneumonia. For infants with RSV-negative illness, follow-up time ended either at the first untested ILI or, if all samples were tested, at the final study visit. Follow-up time for infants without ILI or pneumonia ended at the final study visit.
Predictors of RSV Infections and Outcomes
The following covariates were explored as potential predictors of RSV infection and predictors of RSV outcomes: Maternal age, parity, maternal education level, household crowding, socioeconomic status, maternal vaccination group, infant sex, infant gestational age at birth, and infant birth weight. Maternal socioeconomic status was calculated using principal components analysis with household wealth indicators [12] , and then categorized into low (bottom 25%), medium (middle 50%), and high (top 25%). Maternal education level was dichotomized by completion of primary school. Household crowding was defined as the number of people in the household divided by the number of rooms and was dichotomized as <3 people per room vs ≥3 people per room. Gestational age at birth was calculated using the best available measure in the data, with the order of priority being (1) first trimester ultrasound, (2) late ultrasound, (3) report of last menstrual period, (4) New Ballard Score [13] at birth, and (5) uterine height at enrollment. Gestational ages estimated at >42 weeks were coded as term. For examining association with pneumonia incidence, gestational age was dichotomized as either preterm (born before 37 weeks of gestational age) or term. Birthweight was dichotomized as either low birth weight (<2500 g) or not.
For predictors of RSV infections, McNemar χ 2 test was used to compare categorical variables between control groups and RSV cases and Wilcoxon signed-rank tests were used to compare the distribution of continuous predictor variables between control groups and RSV cases. To explore the association between covariates and RSV pneumonia or hospitalization among infants with RSV infection, χ 2 tests or Fisher exact tests were used. All statistical analysis was done using SAS version 9.4 software.
RESULTS
There were 1871 infants born between October 2012 and May 2013 and eligible for inclusion in this analysis (Figure 1 ). Among those, 1333 of 1871 (71%) had ILI or pneumonia during the first 6 months of life and 494 of 1333 (37%) infants with ILI or pneumonia had samples tested for RSV. Of 1871 infants, 538 (29%) experienced no ILI or pneumonia during follow-up. Among infants with no ILI or pneumonia during follow-up, 200 of 538 (37%) infants were randomly sampled to be included in the denominator for follow-up time.
Infants with all ILI that who were not tested for RSV (n = 839) were excluded from the incidence calculation. There were no statistically significant differences between infants included or excluded from the incidence calculation (Table 1) .
RSV Incidence
Among 1871 included infants, there were 2611 ILI or pneumonia samples, 918 of 2611 (35%) were tested for RSV. Of tested samples, 157 of 918 (17.1%) were positive for RSV. All 115 pneumonia episodes occurring between October 2012 and May 2013 were tested, and 45 (28.7%) were positive for RSV. One infant had 2 RSV episodes in the first 6 months of life, but only the first RSV episode was included for incidence estimates, and 3 episodes of RSV (2 of which presented as pneumonia) occurred after 6 months of age, leaving 153 first RSV illness episodes in the first 6 months of life included in incidence estimates.
Overall incidence of RSV illness was 536.8 per 1000 childyears of follow-up time. The majority of RSV illness was positive for RSV-B (131/153), and the incidence of RSV-B was 459.6 per 1000 child-years. The plurality of RSV cases occurred in August and September ( Figure 2 ) and incidence was highest in the fifth month of life ( Figure 3 ).
Clinical Presentation and Outcomes of RSV
The mean age at presentation for RSV illness was 116 days (range, 12-183 days). Of 153 first cases of RSV illness in the first 6 months of life, 45 (29.4%) presented with pneumonia and 108 (70.6%) presented with febrile ARI. Among RSV pneumonia cases, 13 (8.5%) were hospitalized, and 1 (0.7%) died. The incidence rate of RSV pneumonia was 29 cases per 1000 person-years of follow-up time. RSV-B was detected in 35 (78%) RSV pneumonia cases and there was no statistical difference in the proportion of pneumonias by RSV subtype (P = .14) ( Table 2 ). The incidence rate of RSV hospitalizations was 45.6 per 1000 years of follow-up time. The single RSV pneumonia-associated death occurred at an age of 68 days. Among infants with RSV, there was no association between covariates and pneumonia; male infants were more likely to be hospitalized ( Table 3) .
Predictors of RSV
Mothers of healthy controls had greater parity and were younger than mothers of RSV cases (P = .03, and P = .02, respectively). Sick controls came from families with significantly lower wealth than RSV cases (P = .04) ( Table 4 ).
Coinfections
All RSV-positive samples yielded at least 1 other positive result on FTD33 kit testing. Among 157 RSV illnesses, other commonly detected pathogens included Streptococcus pneumoniae (78%), Moraxella catarrhalis (67%), Klebsiella pneumoniae (66%), Haemophilus influenzae (51%), Pneumocystis jirovecii (28%), Staphylococcus aureus (26%), rhinovirus (18%), Legionella (15%), parainfluenza (13%), and bocavirus (13%).
Among 45 RSV pneumonias, other detected pathogens included M. catarrhalis (78%), S. pneumoniae (82%), K. pneumoniae (58%), H. influenzae (53%), S. aureus (24%), and rhinovirus (16%). Twenty-one infants in the study cohort (including 5 who were RSV positive) had blood cultures taken at the time of the illness; all had a negative result. Of all ILI episodes in the study, 72% received antibiotics, this proportion did not differ by illness severity or RSV status.
DISCUSSION
Incidence of community-detected RSV illness was high in a cohort of Malian infants, and the RSV-B subtype comprised the majority of RSV infections. We found that low parity and older maternal age were risk factors for RSV illness among infants in the first 6 months of life. These are the first reported data on community-detected RSV illness in Mali and are important for our understanding of RSV epidemiology and burden in the region.
The high rate of early-life RSV infections, before infants can be successfully immunized against infection, has broad consequences for RSV vaccine design and implementation. RSV infections occurred starting in the first month of life and nearly half of all cases were within the first 4 months of life. Earlylife RSV cases may be prevented by boosting passive immunity, either through maternal immunization strategies or through administration of a birth dose of an extended half-life monoclonal antibody, strategies that are currently under study [7] . Research on maternal immunization has found that maternal antibody-derived protection against infection can last to the fourth month of life, after which conventional immunization strategies can be utilized [10] .
Using active surveillance with weekly in-home visits, this study detected mild cases of RSV illness that would not have necessarily prompted visits to health clinics or hospitals. Nevertheless, mild illnesses contribute to RSV transmission and are relevant for vaccine efficacy. Underestimating the incidence of mild illness leads to underestimating the burden of disease and the basic reproduction rate. Both of these values have consequences for funding and public health decisions, Figure 3 . Incidence of strain-specific respiratory syncytial virus-associated illness by month of age. Bar height indicates incidence rate per 1000 person-years. The number inside the bar indicates the number of cases contributing to the incidence rate. Abbreviation: RSV, respiratory syncytial virus. such as the necessary proportion of individuals to vaccinate in a population [14] . The epidemiology of mild RSV illness may differ substantially from previously described epidemiology of severe RSV illness. Previous incidence estimates of RSV illness in Mali come from hospital-detected RSV cases alone, where incidence was estimated at 58 cases per 1000 child-years [2] . Incidence of RSV-associated hospitalizations was similar in our cohort (46 cases per 1000 child-years), but this represented only 9% of total RSV illnesses detected. Despite a rate of RSV hospitalizations, comparable to previous studies, the mortality rate from RSV hospitalizations was relatively low compared to previous findings of ≥12% [3] . This is likely related to the study design: This cohort was followed as part of a clinical trial, thus the infants were all relatively healthy, closely followed, and well cared for. Two previous studies in Africa have conducted home-based active surveillance for RSV illness; in Nigeria, incidence of RSV ARI was 116 per 1000 child-years [5] , and in Kenya, incidence was 104 per 1000 child-years [6] . In Mali, we detected approximately 5 times as many RSV infections than either previous Abbreviations: IQR, interquartile range; RSV, respiratory syncytial virus; SD, standard deviation. a Wealth index calculated using principal components analysis to have a population mean = 0.0 (SD, 3.6). study; numerous differences in study design may have led us to a higher estimate of RSV disease incidence. Incidence in both previous studies was reported for all children <1 year of age, possibly diluting the estimate as incidence may be higher before 6 months. Both previous studies used immune-based assays to detect RSV. PCR-based assays are inherently more sensitive, and the use of a PCR-based assay may have caused us to detect RSV in sick infants even when the illness was not directly caused by RSV infection. A high rate of coinfections was found; thus, many illnesses we assigned as RSV disease may have been due to other pathogens, leading to an overestimate of RSV disease incidence. Our findings are similar to previous data from Mali, where, with similar proportion of coinfections, only S. pneumoniae, human metapneumovirus, and RSV were statistically associated with disease [9] . We tested infants born during a known period of RSV circulation and oversampled severe cases of disease in our population when choosing infants to test for RSV, both potentially leading to an overestimate of RSV incidence in our population. Alternately, the current case definition for RSV ARI does not require presence of fever [15] ; by selecting only for febrile illnesses and not utilizing serology to detect additional RSV cases, we may have underestimated RSV incidence [16] . Previous studies from around the world have identified numerous risk factors for RSV and severe RSV disease, including preterm birth, low birth weight, male sex, and household crowding [3, [17] [18] [19] . In contrast, in Mali we found that maternal characteristics were more important in predicting mild RSV infection; cases were more likely to be born to older mothers with lower parity, possibly as a result of decreased recent maternal exposure to RSV. Birth weight and gestational age did not vary between RSV cases and healthy controls in our study population. However, there were few severe outcomes of RSV infections, potentially preventing detection of a difference between groups. Looking among infants with RSV infection, male sex predicted severe disease presentation, in agreement with previous literature. Additionally, RSV-positive infants with low birth weight and born preterm had increased frequency of both pneumonia and hospitalizations; however, due to low outcome numbers, this difference was not significant.
RSV-A subtype infections are thought to be more frequent than RSV-B [20] . We found that 86% of all RSV cases in our population were positive for RSV-B and subtype was not associated with severity of illness. Studies on RSV subtypes from around the world have consistently found the RSV-A subtype to be more common; additionally, RSV-A is thought to have higher transmissibility than RSV-B [21] [22] [23] . While previous studies have found much variability in subgroups, and others have described a predominance of RSV-B during outbreaks [24] , this is the first burden of disease study finding RSV-B as the dominant subtype, suggesting that RSV subtype selection may vary more between populations than previously thought.
Lack of funding prevented us from testing all infant ARI samples for RSV, and samples from pneumonia cases and hospitalizations were oversampled for testing. Thus, the proportion of RSV cases leading to pneumonia or hospitalization in the cohort is overestimated and should not be generalized. Despite potential overestimation of the contribution of RSV to illness, this study benefits from several strengths. All RSV infections met a stringent case definition, in contrast to previous studies that defined the outcome as ARI alone. Intensive active surveillance with weekly home visits and a highly sensitive detection method increased our ability to detect RSV infections in the population. This is the first report of RSV burden in Mali and represents an important contribution to the understanding of RSV infection in the region.
We found a high incidence of RSV infection early in life among Malian newborns. RSV-B was the dominant subtype of RSV infections in Mali, suggesting that characterization of the molecular epidemiology of RSV in additional high-incidence countries may be necessary for successful vaccine design. These data represent the first community-detected estimates of RSV illness in Mali and provide valuable information for the future design of RSV vaccination strategies.
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